We have previously reported that the reconsolidation and extinction of hippocampal-dependent contextual fear memory can be initiated by a single context conditioned stimulus (CS) presentation of either short or long duration, and that both processes require protein synthesis in this brain region. Furthermore, reconsolidation depends on Zif268 activity in this region. Here we show that by infusing a recombinant brain-derived neurotrophic factor (rBDNF) directly into the brain of rats, that high levels of mature BDNF in the hippocampus at retrieval constrain the extinction of the fear memory after prolonged memory recall. We also show after a short CS exposure that reconsolidation was impaired using antisense oligonucleotides targeting Zif268, and that, similarly, reductions in conditioned behavior were observed after prolonged CS presentation when extinction is constrained by high levels of BDNF. This is direct evidence that in the mammalian brain extinction proceeds exclusively after prolonged CS exposure. In addition, that BDNF activity in the hippocampus contributes to a molecular switch for the extinction of hippocampal-dependent memory.
Memory extinction is characterized by the weakening of the conditioned behavioral response (CR) that occurs when a conditioned stimulus (CS) is presented without reinforcement of a biologically salient unconditioned stimulus (US). Extinction is currently considered as new learning in which the CS predicts the absence, rather than the occurrence, of the CS (formation of a CS-no US association [Rescorla 2001] ). The extinction memory subsequently competes with the original association (CS -US) for control of behavior. However, the cued recall of a memory can also cause it to become labile through a process of destabilization, rendering it susceptible to interference, and the original memory requires restabilization for long-term retention (Nader et al. 2000) . This process is called reconsolidation.
The exact conditions of memory retrieval determine whether reconsolidation and extinction are engaged. For example, exposure to CS for a short duration triggers reconsolidation, whilst extinction is engaged following exposure for more extended, or repeated, CS presentations (Eisenberg et al. 2003; Pedreira and Maldonado 2003; Suzuki et al. 2004) . These earlier studies did not however distinguish whether the two processes were mutually exclusive or, alternatively, were triggered in parallel but that one process dominated. Studies in Chasmagnathus have shown that the offset of the CS is the signal that triggers either reconsolidation or extinction (Pedreira et al. 2004) . Following contextual fear conditioning (CFC), a hippocampal-dependent form of longterm memory, we have shown that protein synthesis inhibition in the dorsal hippocampus disrupts reconsolidation after a single short exposure to the context CS and extinction following prolonged CS exposure (Lee et al. 2004; Barnes and Thomas 2008) . This is consistent with earlier reports of the effects of systemic and regional administration of protein synthesis on the two postretrieval memory processes in a range of aversive memory tasks (Nader et al. 2000; Debiec et al. 2002; Kida et al. 2002; Eisenberg et al. 2003; Pedreira and Maldonado 2003; Suzuki et al. 2004) , but see Abel 2001, 2004) . Our results with CFC showing that protein synthesis inhibitors infused into the hippocampus can impair both reconsolidation and extinction after the recall of contextual fear memory (CFM) suggest that reconsolidation and extinction processes may not only proceed independently, but there may be a molecular switch in the hippocampus that controls the expression of mutually exclusive memory processes associated with CFM. Indeed, recent evidence based on the activation of CREB, a gene regulated during memory processing (Hall et al. 2001b) , in the hippocampus after different durations of conditioned context exposure demonstrates that the differential regulation of plasticity-associated genes was correlated with reconsolidation and extinction (Mamiya et al. 2009 ). However, it was not shown whether CREB activation in the hippocampus was causal for each process, a response to either, or the result of an interaction between them.
To investigate the characteristics of a molecular switch in the hippocampus, we investigated the hippocampal expression of two memory-associated molecules, brain-derived neurotrophic factor (BDNF) and Zif268, which we have shown to be selectively associated with extinction and reconsolidation, respectively. We also observed the effects of manipulating their levels during recall on the subsequent expression of CFM. Here we show that by infusing recombinant BDNF protein (rBDNF) directly into the hippocampus, high levels of BDNF were refractory for extinction produced by a single prolonged exposure to the CS. Antisense oligonucleotide targeting Zif268 mRNA for inactivation (Zif268ASO) blocked reconsolidation, but failed to produce stable amnesia after prolonged exposure to the CS when extinction was constrained. Nevertheless, inhibiting Zif268 activity unmasked extinction in the short term. This shows that, similar to Chasmagnathus, extinction proceeded exclusively of reconsolidation in the mammalian brain. Moreover, the combined activities of BDNF and Zif268 switch off extinction. However, although we also show here that increased expression of BDNF and Zif268 were measured in CA1 after reconsolidation-inducing short CS exposures, we have previously shown that reducing hippocampal BDNF levels with BDNFASO prior to short recall (which should be predicted to permit extinction) has no effect on the reactive CR (Lee et al. 2004) . Therefore, while BDNF may act as a switch for extinction after prolonged CS exposures, it may not be similarly controlling extinction after short recall. Thus, the activities of BDNF and Zif268 in the hippocampus together do not adequately describe the molecular switch for reconsolidation and extinction during a single CS presentation.
Results
Sixty rats were used in this study. Forty-eight rats underwent surgery for behavioral analysis. Histological analysis showed that the cannulae terminated bilaterally in the dorsal hippocampus in all of the operated rats and none showed signs of gross damage to the hippocampus (Fig. 1) . One operated rat was excluded from the study and analysis because of a blocked cannula during the training infusion.
Experiment 1: Exogenous rBDNF impairs the extinction of CFC
After CFC, prolonged (10 min) but not short (2 min) re-exposure to the training context led to a decrease in conditioned fear behavior measured during a long-term memory retrieval test 2 d later (LTM1) (Fig. 2) . The extinction of the fear memory was persistent and was maintained for at least 23 d. In contrast, repeated short context exposures during extinction training 3 h, 2 d, and 21 d later did not lead to any appreciable change in the behavioral expression of the CFM.
We have previously shown that attenuating the cleavage of endogenous proBDNF to mBDNF in the dorsal hippocampus during extinction training promotes extinction (Barnes and Thomas 2008) . This suggested that the ratio of precursor to mature forms of BDNF might be a key determinant for extinction of CFM. To further test this idea, we examined the effects of directly increasing hippocampal mBDNF levels during extinction training on CFM. Infusing rBDNF into the dorsal hippocampus prior to a prolonged 10-min re-exposure to the conditioned context rapidly impaired the extinction of the fear memory and this effect on LTM was sustained. This manifested as no difference in the conditioned responding to the context between the rats not undergoing extinction (Short recall group) and those undergoing extinction in the presence of rBDNF (rBDNF group) during the PR-STM trial 3 h after extinction training, or at any of the LTM tests 2-23 d later. Therefore, it appears that hippocampal mBDNF opposes the extinction of CFM by constraining acquisition. There was no effect of rBDNF on freezing behavior during the extinction training session (within-session extinction).
Experiment 2: Exogenous rBDNF reveals a delayed expression CFM in the presence of Zif268ASO
Infusing Zif268ASO into the hippocampus prior to a short exposure to the conditioned context resulted in the long-lasting decrease in fear memory (Fig. 3) . This observation was interpreted as an effect of the Zif268ASO on the reconsolidation of LTM (Lee et al. 2004) . It is not known whether Zif268 plays a role in extinction. After administering Zif268ASO into the dorsal hippocampus, we showed that a prolonged 10-min exposure to the conditioned context resulted in a reduction of conditioned freezing behavior measured at the PR-STM test and long-term retrieval tests, LTM1 and LTM 2, compared to the behavior during the first 2 min of extinction training (F (1.826,7.306) ¼ 5.264, P ¼ 0.040, 1 ¼ 0.609, repeated measures ANOVA). Similarly, infusions of the missense sequence, Zif268MSO, had no effect on withinsession and between-session extinctions (Supplemental Fig. S1 Experiment 3: Zif268 and BDNF IX expression are differentially regulated by short and long recalls of CFM We observed that the length of exposure to the conditioned context during extinction training resulted in distinct transcriptional events in CA1 (Fig. 4) . Thirty min after a brief 2-min exposure to Intrahippocampal infusion of rBDNF attenuates the longterm decrease in conditioned freezing behavior initiated by a prolonged exposure to the conditioning context. Rats were exposed to the conditioning context (CS) during either a 2-min Short Recall (n ¼ 5) or a 10-min Extinction (n ¼ 6) training trial following infusions of PBS, or for a 10-min trial after rBDNF (n ¼ 7). All rats showed an increase in freezing behavior in the post-US compared to pre-US conditioning period (main effect of Test, F (1,15) ¼ 96.753, P ¼ 0.000, repeated measures ANOVA). A 10-min exposure to the CS resulted in a within-session reduction of conditioned freezing behavior during extinction training (F (2.373,26 .101) ¼ 6.965, P ¼ 0.000, 1 ¼ 0.593, repeated measures ANOVA), but there was no effect of the rBDNF on the within-session fear responses (Test × Infusion interaction, F (2.373,26.101) ¼ 0.081, P ¼ 0.593, 1 ¼ 0.754, repeated measures ANOVA). Prolonged exposure to the CS resulted in a reduction in conditioned freezing responses in the PBS (P ¼ 0.034, Tukey's test), but not the rBDNF group (P ¼ 0.227, Tukey's test) during the subsequent retrieval tests. This was sustained for at least 21 d after extinction training ( * P , 0.05 PBS compared to Short Recall, Tukey's test).
the conditioned context there was an up-regulation in the mRNA levels of BDNF IX and Zif268 compared to the no recall control rats that were fear conditioned but not re-exposed to the context. The increase in BDNF IX expression was specific to the CA1, and was not seen in CA3 or in the dentate gyrus (data not shown).
In contrast, only Zif268 expression was increased in CA1 after a prolonged 10-min exposure that results in extinction of the CFM.
Discussion
Here we show that a prolonged, but not a short exposure, of fearconditioned rats to the conditioned context produces extinction of CFM that was maintained for at least 3 wk. Prolonged exposure to the context CS was accompanied by an increase in Zif268 expression in the CA1 of conditioned animals, whereas brief re-exposure correlates with the induction of both Zif268 and BDNF IX expression. The infusion of rBDNF protein into the hippocampus before prolonged context re-exposure impaired extinction. More specifically, we showed that high levels of mBDNF functioned to prevent the acquisition of the CS-no US extinction memory. Intrahippocampal infusion of Zif268ASO, which we have previously reported to prevent the reconsolidation of CFM after recall (Lee et al. 2004) , had no apparent effect on extinction. However, coinfusion of rBDNF with Zif268ASO into the hippocampus prior to extinction training resulted in the recovery, or unmasking, of CFM 3 wk later. This demonstrates that the original association was intact after extinction, and that extinction but not reconsolidation mechanisms were engaged by a single prolonged exposure to the CS. It also indicates that under conditions of retrieval that favor the extinction of LTM, Zif268 may not be acting to reconsolidate the active recalled memory, but conversely plays a role in attenuating extinction. In contrast to other studies using the CFC paradigm (e.g., Kimura et al. 2008; Archbold et al. 2010) , we saw no spontaneous recovery of the behavioral performance after extinction training. Studies with fear conditioning to a discrete cue identified several factors that affect the resistance of extinction to recovery. These include the interval between conditioning and extinction (Myers et al. 2006; Woods and Bouton 2008; Huff et al. 2009 ; but see Alvarez et al. 2007; Schiller et al. 2008; Archbold et al. 2010) , the interval between extinction and test (Bouton 1993 (Bouton , 2004 Quirk 2002) , the level of fear behavior at extinction (Maren and Chang 2006) , and the number and pattern of nonreinforced trails (Cain et al. 2003; Urcelay et al. 2009 ). These factors would be expected to interact with each other such that the precise experimental conditions used by independent laboratories would differentially reveal recovery of the cued fear responses. Although most accounts of extinction and spontaneous recovery suggest that the original learning remains unchanged, there is ultimately a dissipation of the extinction memory at the behavioral level, the mechanisms underlying the loss of the extinction trace or its control over behavioral responses remain to be determined (for review, see Rescorla 2004) . The durable extinction we show here may be a consequence of the context entering into primary excitatory and inhibitory associations with the US during conditioning and extinction, respectively. As such, the context acts as an explicit rather than hierarchical stimulus to facilitate the retrieval of both excitatory and inhibitory associations with equal efficiency and probability, which then compete for behavioral control depending on their relative strengths. It remains to be empirically tested whether loss of the CR measured here 21 d after a prolonged 10-min exposure to the context reflects a permanent extinction memory, or that the precise conditions of conditioning and extinction delay or alter the rate of the recovery process. Our extinction training per se is unlikely to have produced amnesia of the original fear memory because recovery of CR can be seen when Zif268ASO and rBDNF are administered before training.
Neither the expression, nor the reduction, of the conditioned freezing behavior over the course of extinction training (within-session extinction) was affected by infusions of rBDNF into the hippocampus. This indicates that rBDNF does not affect the hippocampal-dependent processes that mediate the retrieval of CFM (Fanselow 2000) , or the habituation of conditioned fear responses (Kamprath and Wotjak 2004) . The impairment of extinction by rBDNF was both rapid and sustained because freezing behavior was comparable to rats that had not undergone extinction training (short recall group) at the earliest postretrieval test (PR-STM) 3 h later and at long-term retrieval tests for at least 21 d. This shows that increasing mBDNF in the hippocampus around the time of a nonreinforced trial impairs the acquisition of the extinction of CFM. This is consistent with our recent study showing that decreasing the levels of mBDNF in the CA1 using tPA-STOP (to inhibit the proteolytic cleavage of proBDNF to mBDNF) resulted in a potentiation of extinction (Barnes and Thomas 2008) . Therefore, altering the ratio of proBDNF to mBDNF in the hippocampus, and perhaps the CA1 specifically has profound effects on the extinction of CFM. Ninety min prior to extinction, 3 d later, they either received Zif268MSO (n ¼ 6), Zif268ASO (n ¼ 6 [2-min recall] or n ¼ 5 [10-min recall]), or Zif268ASO and rBDNF (n ¼ 6). Zif268ASO infusion prior to a short 2-min CS exposure produced a loss of the CR during the retrieval tests compared to the Zif268MSO administered rats (Test × Infusion interaction, F (1.362,13.624) ¼ 8.704, P ¼ 0.007, 1 ¼ 0.681, repeated measures ANOVA), which was characterized by a reduction in freezing behavior at LTM1 and LTM2. Zif268ASO alone or Zif268ASO coinfused with rBDNF had no effect on the decrement in the fear response measured during the 10-min extinction training (Extinction × Infusion interaction, F (3.021,27.185) ¼ 1.086, P ¼ 0.378, 1 ¼ 0.755, repeated measures ANOVA). There were no differences in the rats' behavior during conditioning prior to intrahippocampal infusions (Conditioning × Infusion interaction, F (3,19) ¼ 0.185, P ¼ 0.905, repeated measures ANOVA). However, there was an effect of coinfusing rBDNF with Zif268ASO compared to Zif268ASO only on conditioned freezing behavior during LTM1 and LTM2 retrieval tests (F (1.718,15.459) ¼ 17.885, P ¼ 0.000, 1 ¼ 0.859, repeated measures ANOVA). Results are presented as the mean + SEM.
† P , 0.05 Zif268ASO (2 min) vs. Zif268MSO (2 min). * P , 0.05 Zif268ASO + rBDNF compared to Zif268ASO groups.
The cellular mechanisms that underlie these evidently opposing effects of the different BDNF species on extinction have yet to be identified. ProBDNF-mediated signaling facilitates longterm depression (LTD) in the hippocampus via the activation of the p75NTR neurotrophin receptor (Woo et al. 2005) . This suggests that extinction may be associated with plasticity mechanisms similar to LTD. Indeed, there have been numerous reports of an association between LTD (or depotentiation of synapses) and the extinction of LTM since one of the first studies to support this idea (Quirk et al. 1995) . Interestingly, it is becoming evident that experimental manipulations that disrupt LTD result in impairments in the acquisition of extinction (Sotres-Bayon et al.
2007
; Dalton et al. 2008; Duffy et al. 2008 ). Therefore, it is possible that LTD mechanisms initiated by proBDNF-mediated signaling events support the acquisition of extinction.
An alternative proposition is that mBDNF, or mBDNF-mediated signaling events, play a direct role in extinction by preventing or impairing extinction. However, BDNF and TrkB signaling, the cogent receptor for mBDNF, are required for the extinction of aversive memories (Chhatwal et al. 2006; Gruart et al. 2007; Heldt et al. 2007) . It is possible that the optimal level of mBDNF plays a role in the consolidation of extinction and that deviation from this level (too much or too little) results in an impairment of long-term extinction. Recently it has been suggested that transient and sustained activation of the TrkB receptor by mBDNF have different consequences for downstream transcriptional and synaptic structural events in hippocampal neurons (Ji et al. 2010) . For example, transient activations of TrkB by mBDNF were correlated with either transient or no increases in Arc expression, and increases in the density of spines. Conversely, sustained activations result in prolonged increases in Arc and little change in spine density. Evidence suggests that transient activations in TrkB signaling may initiate extinction. Consistent with this idea, compared to short recall conditions, Arc expression is constrained after prolonged exposures to the CS that lead to the extinction of CFM (Barnes and Thomas 2008; Mamiya et al. 2009 ; see also Guzowski et al. 2001 ). In addition, experimental conditions that reduce endogenous mBDNF levels in the hippocampus potentiate extinction of CFM (Barnes and Thomas 2008) . Furthermore, fewer dendritic spines correlate with impaired extinction (Ryu et al. 2008 ). In our experiments high levels of exogenously administered rBDNF at the time of extinction training may disrupt the finely controlled mechanisms that endogenous mBDNF orchestrate to consolidate extinction.
It has been previously established that upon a single CS presentation, the competition between extinction and reconsolidation are governed by the precise conditions of memory reactivation, conditions that include the duration of the CS presentation (Eisenberg et al. 2003; Pedreira and Maldonado 2003; Suzuki et al. 2004; Barnes and Thomas 2008) . Nevertheless, it is not clear whether there is a mutual exclusion between reconsolidation and extinction because either the retrieval conditions trigger only one of the processes at CS offset (Pedreira et al. 2004 ; Perez-Cuesta and Maldonado 2009) or there is an interaction between the two processes triggered in parallel (Mamiya et al. 2009 ).
To address this issue we infused both Zif268ASO and rBDNF prior to prolonged exposure to the CS. If extinction was later consisted of exposing rats to the conditioned context for either 2 min (S, short recall n ¼ 4) or 10 min (L, long recall, n ¼ 4). Control rats (C, n ¼ 4) did not undergo recall. Repeated measures ANOVA revealed significant main effects of the training and test phases on freezing behavior (F (3,9) ¼ 4.576, P ¼ 0.033). This manifested as an increase in freezing behavior post-US during the conditioning period and in the first 2 min of the recall test 4 d later. Rats exposed to the conditioned context for 10 min showed a reduction in freezing during the last 2 min on the recall test.
* P , 0.05 compared to pre-US, DP , 0.05 compared to first 2 min during recall. (B) Thirty min after recall in situ hybridization revealed regulation in the expression of the coding exon IX of Bdnf (F (2,9) ¼ 13.913, P ¼ 0.002, ANOVA) and Zif268 (F (2,9) ¼ 6.322, P ¼ 0.019) in the CA1 of the hippocampus. This was due to an increase in the expression of both genes after short exposure to the CS (S). In contrast, there was an increase in Zif268 but not BDNF IX mRNA levels (P ¼ 0.091, Sidak's test) after a longer 10-min exposure to the CS (L).
* P , 0.05, * * P , 0.01 compared to the No recall control (C, Sidak's test). Grains per CA1 neuron (mean + SEM) in the control No Recall group (C): Bdnf IX, 13.84 + 1.28; Zif268, 179.59 + 22.59. (C ) Photomicrographs (100X) of small dark silver grains associated with CA1 pyramidal cells identifying the expression of BDNF IX and Zif268 from an individual rat from the C, S, and L groups.
exclusively triggered by long recall sessions, we predicted the preservation of conditioned fear because rBDNF would constrain extinction. If both processes were initiated under conditions when extinction was impaired, no fear response would be measured at LTM1 or LTM2, as the original memory supporting the CR would not undergo ZIf268-dependent reconsolidation (Lee et al. 2004 (Lee et al. , 2005 . Thus, amnesia would ensue. We showed that following extinction training combined with coadministration of the Zif268ASO and rBDNF, no conditioned freezing was seen at the long-term retrieval test 2 d later. This may suggest that reconsolidation was engaged by a prolonged CS exposure, and that both extinction and reconsolidation processes are initiated by a single CS presentation. However, conditioned fear reemerged 3 wk later. The recovery of the fear memory demonstrates a fundamental feature of the process initiated by a single prolonged nonreinforced exposure to the conditioning context; that the ability of the CS to elicit the CR is not lost after prolonged CS exposure, but rather it is actively inhibited at some level (Pavlov 1927; Rescorla and Wagner 1972; Robbins 1990; Bouton 2002 ). Therefore, only one process, extinction, was engaged after prolonged exposure to the CS.
Our data indicate that Zif268 likely plays a role in the extinction of CFM since Zif268 expression was increased in CA1 after recall, and the disruptive effects of direct rBDNF infusions into the hippocampus on the consolidation of extinction are ameliorated by the coadministration of the Zif268ASO. Although this effect of Zif268ASO was transient, we also showed that direct Zif268ASO administration prior to short recall impaired the expression of reactive memory. This importantly demonstrates that Zif268ASO has specific and long-lasting effects on the hippocampal function. It appears that Zif268 inhibition facilitates extinction, and that Zif268-mediated events in the hippocampus may therefore protect against or act to prevent extinction at least in the short-term. However, a more recent study in which Zif268 was conditionally overexpressed in the forebrain failed to show changes in the extinction of conditioned taste aversion (CTA) (Baumgartel et al. 2008) . However, the failure to observe a role for Zif268 in extinction may be due to the already high levels of Zif268 in the insular cortex, a structure integral for CTA, occluding the effect of additional protein on the behavior. Therefore, low levels of mBDNF and Zif2868 in the dorsal hippocampus at retrieval are permissive for the extinction of CFM.
Zif268 expression is up-regulated in CA1 after both short and long exposures to the context CS. Contrarily, the expression of BDNF IX is specifically increased following short durations of CS exposure, similar to the refractory changes in the Arc levels in CA1 (see above), a BDNF-regulated protein (Waltereit et al. 2001; Yin et al. 2002; Ying et al. 2002) , with prolonged CS exposures. The differential regulation of BDNF IX and Zif268 expression in the CA1 provides a conceptual framework for the role for the interaction of BDNF and Zif268 activities in the hippocampus in controlling the extinction of CFM, not only under conditions of recall that favor extinction, but under all situations following the retrieval of a nonreinforced CS.
It could be argued that Zif268-mediated events act to inhibit the extinction of LTM after retrieval. Phenomenologically, a blockade of reconsolidation and facilitation of extinction by Zif268ASO would be the same since both would be predicted to lead to a decrease in the CR at later LTM tests. So the question whether Zif268-mediated events play a role in both reconsolidation and extinction or, alternatively, acts to prevent extinction under all conditions of recall may reduce to determining whether reconsolidation is exclusively triggered after short recall in the mammalian brain as in the crab (Pedreira et al. 2004) . High levels of endogenous BDNF after short recall may inhibit extinction in a similar manner to the experimental manipulation of hippocampal BDNF in long recall as we observe here. However, BDNFASO has no effect on CFM after short recall (Lee et al. 2004) demonstrating that the memory process(es) engaged is not sensitive to changes in hippocampal BDNF levels. This implies that extinction is not triggered after short recall. Furthermore, Zif268ASO selectively impairs the reconsolidation process engaged after short recall.
Thus, we show that a Zif268-mediated process supports reconsolidation but impairs extinction. This is analogous to the role of the transcription factor NFkB in these two processes (Merlo et al. 2005; Lubin and Sweatt 2007; Merlo and Romano 2008) . However, Zif268 does not act as a direct molecular switch between reconsolidation and extinction because the administration of Zif268ASO alone before extinction training had no effect on the extent or duration of extinction. We propose that Zif268 modulates the long-term extinction dependent on mBDNF activity. As such optimal levels of endogenous mBDNF and BDNF-mediated events are required for the long-term extinction per se, but Zif268-mediated mechanisms may negatively regulate extinction at least in the short term. In analogy to the distinct molecular mechanisms that underlie the expression of memory during the consolidation of LTM (McGaugh 1966 (McGaugh , 2000 Davis and Squire 1984; Emptage and Carew 1993; Izquierdo et al. 1998 Izquierdo et al. , 2002 Stough et al. 2006) , this may reflect that the expression of the extinction memory may be supported by different, and potentially independent, molecular mechanisms shortly after training compared to those required for persistent extinction.
Together our data from studies in the mammalian brain support the findings in Chasmagnathus that reconsolidation and extinction mechanisms are mutually exclusive when triggered by a single CS (Merlo et al. 2005; Merlo and Romano 2008; Perez-Cuesta and Maldonado 2009) . Moreover, it appears to be evolutionarily conserved that the extent of extinction training (CS exposure) determines whether extinction learning is engaged. We propose that BDNF in the hippocampus act as a molecular switch with low levels triggering extinction but high levels above a threshold are refractory for extinction. This is analogous to BDNF acting via a NOT gate for extinction. However, our data here also suggest the interaction of the activities of BDNF and Zif268 at recall in CA1 on the subsequent expression of CFM is acting via a NAND gate (no reactive CR when either or both BDNF and Zif268 levels are low, Table 1 ). Thus, high levels of BDNF and Zif268 and their associated activities in the hippocampus may act to switch off extinction. Indeed, the spontaneous recovery when Zif268 levels alone are low at recall (caused by the administration of the rBDNF and Zif268ASO cocktail) is indicative of a less persistent, and potentially weaker, extinction memory. Furthermore, this would indicate a correlation between low BDNF and Zif268 activities and the persistence of extinction. This hypothesis would predict spontaneous recovery after long recall since only Zif268 levels are high. Although we did not see this, this may be because a longer interval than 21 d between extinction and test is required to observe recovery, and/or the roles of BDNF and Zif268 are either not functionally equivalent or equally impacted by the doses of rBDNF and Zif268 ASO we used in this study. It will be interesting to explore whether extinction that undergoes spontaneous recovery in other experimental situations can be made more resistant to recovery by inhibiting Zif268 activity during extinction training. Our results also show that Zif268-mediated processes act to support reconsolidation. Thus Zif268 may always function to maintain or preserve the original CS-US association. However, we previously reported that intrahippocampal BDNFASO prior to short recall conditions resulted in CR (reconsolidation) at later LTM tests (Lee et al. 2004 ). These are conditions under which Zif268 levels are high and BDNF levels would be experimentally lowered and would be predicted to result in a reduction of fear-associated behavior if these two molecules acted as a simple NAND gate for extinction. This indicates that although extinction and reconsolidation of CFM are mutually exclusive processes, the switch between them is not described by the interaction of the activities of BDNF and Zif268 in the hippocampus alone. This indicates that the full description of a molecular switch between the two post-retrieval memory processes may include the activity of one or more molecules in addition to BDNF and Zif268 in the hippocampus.
Materials and Methods

Subjects
The subjects were adult male Lister hooded rats weighing 280-350 g. They were housed in pairs, in holding rooms maintained at 218C on a reversed-light cycle (12-h light/dark; lights on at 10:00 p.m.). All experiments were conducted in the dark period of the rat's day. Food and water were freely available throughout the experiment. All procedures were conducted in accordance with local Cardiff University Ethical Committee approval and the United Kingdom 1986 Animals (Scientific Procedures) Act (Project license PPL 30/2236).
Surgery and microinfusions into the dorsal hippocampus
Steel double guide cannulae aimed at the dorsal hippocampus (AP 23.50, relative to bregma) were surgically implanted under anesthesia, as described by Barnes and Thomas (2008) , at least 1 wk prior to behavioral training and the infusion of antisense oligodeoxynucleotide targeting Zif268 (Zif268ASO), missense oligodeoxynucleotide Zif268 (Zif268MSO), or recombinant human BDNF (rBDNF). Bilateral infusions via the chronically indwelling cannula were carried out in awake rats using a syringe pump, connected to injectors (28 gauge, projecting 1 mm beyond the guide cannulae) by polyethylene tubing. Zif268ASO was a PAGE-purified phosphorothioate end-capped 18-mer sequence complementary to nucleotides 348-365 of M18416.1 (5 ′ -GGTAGTTGTCCATGGTGG-3 ′ , SigmaGenosys), resuspended in sterile PBS to a concentration of 2 nmol/mL. The sequence was subjected to a BLAST search on the National Center for Biotechnology Information BLAST server using the GenBank database. The antisense sequence had positive matches only for the target mRNA sequences, and no other rat or human coding sequences. Control Zif268MSO sequence (5 ′ -GTGTTCGGTA-GGGTGTCA-3 ′ ), which included the same 18 nucleotides as the Zif268ASO but in a scrambled order, did not generate any full matches to identified gene sequences in the database. rBDNF was the 27 kDa dimer of two identical mature BDNF subunits (B-250, Alomone Laboratories) resuspended in sterile PBS to a concentration of 0.25 mg/mL. One or 2 d prior to behavioral training, awake rats were infused with PBS to habituate them to the administration procedure. The volumes of all infusions were 1 mL/hemisphere, and were given over 2 min (PBS), 8 min (Zif268ASO and Zif268MSO), and 15 min (rBDNF).
Contextual fear conditioning
Each rat received a conditioning trial in one of two different contexts. These contexts differed in a number of features including size, spatial location, odor, and lighting. During the 3-min conditioning training trial, rats received a single scrambled footshock (0.5 mA for 2 sec) 2 min after being placed into the conditioning context. All rats returned to the home cages after conditioning. Extinction training 3 or 4 d later consisted of exposing rats to the conditioned context for either 2 min or 10 min. Retrieval tests: 3 h (post-retrieval short-term memory, PR-STM), 2 d (LTM1), and 23 d (LTM2) after conditioning, each rat was exposed to the conditioning context for 2 min. For in situ hybridization experiments, a separate cohort of rats was conditioned, underwent extinction training, and was killed 30 min later, with the exception of one group that underwent conditioning and was killed 4 d later (No Recall group).
Behavioral analysis and statistics
Freezing behavior served as a measure of conditioned fear to the context during the conditioning, extinction training and retrieval tests of the behavioral procedures. This was video-recorded and quantified by an observer blind to the experimental group. One unit of freezing was defined as a continuous absence of movement other than that required for respiration in 1 sec sampled every 10 sec. Data are presented as the mean + SEM percentage time spent freezing. Freezing behavior was analyzed in a repeated measures analysis of variance (repeated measures ANOVA) with Test as a within-subjects factor and Infusion as a between-subjects factor. For repeated measures ANOVA, Mauchly's Test of Sphericity was applied. If the sphericity assumption was not met, the Greenhouse-Geisser correction was applied. Planned comparisons were made using repeated measures ANOVA between pre-US and post-US phases of conditioning, during extinction training, and during retrieval testing (PR-STM, LTM1, and LTM2). Tukey's test was then used for post hoc analysis to determine the sources of significance and the P-value constrained by the number of comparisons made (P , 0.05, P , 0.01, and P , 0.001).
Tissue collection
Rats were killed by CO 2 exposure and decapitation 30 min after behavioral testing, and whole brains were rapidly removed and frozen on dry ice. The brains were stored at 2708C until in situ hybridization or histological determination of the cannulae placement using thionin staining of Nissl substance. Although mBDNF is required for the extinction of fear memory, high levels of hippocampal BDNF at recall appears to negatively regulate the expression of the conditioned freezing (CR) during a subsequent exposure to the nonreinforced context CS. Thus, BDNF may be acting as a NOT gate for extinction. The results of the experiments presented in this study show that the interaction of the activities of BDNF and Zif268 in the hippocampus at recall on the expression of extinction is acting via a NAND gate (no reactive CR when either or both BDNF and Zif268 levels are low). Thus, high levels of BDNF function may turn off extinction, and when Zif268 is high also, reconsolidation proceeds to supporting the CR. However, we have previously shown that under conditions of short recall (italics) and BDNFASO, CR is measured at later LTM tests (Lee et al. 2004 ). This suggests that the activities of BDNF and Zif268 in the hippocampus do not completely describe the switch between extinction and reconsolidation under all conditions of recall. 1 ¼ high BDNF or high Zif268 levels in CA1. and 3.0 × 10 5 dpm/mL probe. To define nonspecific hybridization, adjacent slide-mounted sections were incubated with radiolabeled oligonucleotide in the presence of an excess (100X) concentration of unlabeled oligonucleotide probe. After hybridization, sections were exposed to Kodak BioMax MR X-ray film (Sigma-Aldrich Company Ltd.) for 1 -2 wk. After obtaining appropriate X-ray film exposures, sections were dipped in Ilford K5 photographic emulsion (Agar Scientific). Sections were exposed for 5 -10 wk at 48C, before development and counterstaining with 0.01% thionin.
Images were captured using LeicaQWIN imaging software (Leica Microsystems) using an 100X objective under oil immersion. Silver grain density was assessed in dorsal hippocampal CA1 pyramidal cells (approximately bregma 23.3-3.9 mm) using ImageJ imaging software (http://rsbweb.nih.gov/ij/). Grains (total and nonspecific) were counted over sufficient randomly selected neurons from each region for each animal such that the SE of the counts for any region was ,10% of the population mean (typically 24 cells). In each case cells were selected from at least three nonadjacent separate sections. A specific grain count was then calculated for each region by subtracting total and nonspecific counts. The mean silver grain count in each region for each animal was then divided by the mean count in that region for the No Recall control group to give a standardized grain count (percent) for each group. Standardized results were analyzed by ANOVA, and post-hoc comparisons were made using Sidak's test (corrected pair-wise comparisons).
